Preface
If charged particles move through the interplanetary or interstellar medium, they interact with a large-scale magnetic field such as the magnetic field of the Sun or the Galactic magnetic field. As these background fields are usually nearly constant in time and space, they can be approximated by a homogeneous field. If there are no additional fields, the particle trajectory is a perfect helix along which the particle moves at a constant speed. In reality, however, there are turbulent electric and magnetic fields due to the interstellar or solar wind plasma. These fields lead to scattering of the cosmic rays parallel and perpendicular to the background field. These scattering effects, which usually are of diffusive nature, can be described by spatial diffusion coefficients or, alternatively, by mean free paths. The knowledge of these parameters is essential for describing cosmic ray propagation as well as diffusive shock acceleration. The latter process is responsible for the high cosmic ray energies that have been observed.
The layout of this book is as follows. In Chap. 1, the general physical scenario is presented. We discuss fundamental processes such as cosmic ray propagation and acceleration in different systems such as the solar system or the interstellar space. These processes are a consequence of the interaction between charged cosmic particles and an astrophysical plasma (turbulence). The properties of such plasmas are therefore the subject of Chap. 2. The standard approach for describing plasma-particle interactions is a first order perturbation theory, also known as quasilinear theory. This theory, which was historicaly the first and most applied theory, is reviewed in Chap. 3 . By using computer simulations for investigating plasma-particle interactions, it has been discovered that, for several cases, quasilinear theory is inaccurate. Therefore, several nonlinear theories for describing the motion of charged particles through an astrophysical plasma have been developed in the past. The most prominant nonlinear approaches are presented in Chaps. 4-7. In Chap. 8, these theories are applied on different physical situations such as cosmic ray propagation in the solar system and in the interstellar medium. Furthermore, we revisit the problem of diffusive shock acceleration. The latter mechanism is responsible for the high cosmic ray energies and depends strongly on the particle diffusion coefficient that has to be calculated nonlinearly. In the concluding Chap. 9, we summarize the results of this book and give an outlook about the future work on the field of cosmic ray diffusion theory. 
The General Scenario
Within cosmic ray transport theory, we investigate the interaction between energetic charged particles like electrons, protons, or heavy ions and astrophysical plasmas such as the solar wind or the interstellar medium. These particles interact with a background magnetic field B 0 and with turbulent electric and magnetic fields ıE and ıB, and they therefore experience scattering parallel and perpendicular to B 0 . In this introductory chapter, general properties of cosmic rays are discussed, as well as the unperturbed motion of the particles. Furthermore, the physics of parallel and perpendicular scattering is investigated. At the end of this chapter, we consider observed mean free paths of cosmic rays in the heliosphere and in the interstellar medium. One aim of this book is to demonstrate that a nonlinear description of particle transport is necessary to reproduce these measurements.
Cosmic Rays
In the beginning of the twentieth century, physicists were unable to explain the source of the ionizing radiation that penetrated through electroscopes aboard balloons. For a long time it was assumed that the radiation must have originated from a source on Earth. In several balloon flights between the years 1911 and 1913, the Austrian scientist Victor F. Hess discovered that the radiation increased rapidly with altitude. As a consequence, he concluded that the radiation is extraterrestrial in origin. In the year 1925, Robert A. Millikan confirmed Hess's theory and introduced the name cosmic rays for this radiation.
In the following years, cosmic ray research became an interesting and important part of physics. A prominent example is the discovery of several new particles, including the positron. Furthermore, cosmic ray research led to huge advances in astrophysics, space physics, and cosmology. As a consequence, Victor F. Hess received the Nobel Prize for Physics in the year 1936 for his discovery of cosmic rays. The energy of cosmic rays is usually measured in units of megaelectron volts (MeV) or gigaelectron volts (GeV). The highest cosmic ray energy that has been measured to date was more than 10 20 eV. Some particles are from sources located in the solar system (solar cosmic rays), while other cosmic rays originate from extrasolar sources within our own Galaxy, such as the supernova remnants. However, the fact that some cosmic rays have extremely high energies provides evidence that at least some of them must be of extragalactic in origin; the local galactic magnetic field would not be able to contain particles with such high energy. The origin of cosmic rays with energies up to 10 15 eV can be accounted for in terms of shock-wave acceleration in supernova shells. Recent observations of the Pierre Auger Collaboration found some evidence that cosmic rays with energies greater than 10 15 eV originated from active galactic nuclei (AGN) (see The Pierre Auger Collaboration 2007). This evidence is also in agreement with some theoretical work (see Honda and Honda 2004). These authors have shown that particles can get accelerated in AGN shock waves up to 10 21 eV. Observations have shown that cosmic rays with an energy above 10 GeV approach the Earth's surface isotropically. It has been hypothesized that this is not due to an even distribution of cosmic ray sources, but instead is due to galactic magnetic fields causing cosmic rays to travel in spiral paths (see e.g., Figs. 1.1 and 1.2) . At energies below 10 GeV, there is a directional dependence due to the interaction of the charged components of the cosmic rays with the Earth's magnetic field.
Depending on the origin of the cosmic ray components, we usually distinguish between at least four different cosmic ray species (see Table 1 .1): solar cosmic rays, anomalous cosmic rays, galactic cosmic rays, extragalactic/ultra-high energy cosmic rays. Besides the question of the origin of cosmic rays, a main problem is the interaction between the charged cosmic particles with the turbulent electromagnetic fields of the interstellar or interplanetary medium. Because cosmic rays are electrically charged, they are deflected by magnetic fields and their directions are randomized, making it impossible to tell where they originated from. However, cosmic rays in other regions of the Galaxy can be traced by their electromagnetic radiation. Supernova remnants such as the Crab Nebula are known to be a source of cosmic rays from the radio synchrotron radiation emitted by cosmic ray electrons spiraling in the magnetic fields of the remnant. In addition, observations of high-energy gamma rays resulting from cosmic ray collisions with interstellar gas show that most cosmic rays are confined to the disk of the Galaxy, presumably by its magnetic field.
If the turbulent fields due to the interstellar or interplanetary plasma were absent, the particles would follow the magnetic field of the Sun or the interstellar magnetic field by performing a helical motion, as shown in Figs. 1.1 and 1.2. The turbulent fields affect the trajectory of the particles in two ways:
1. The particles experience parallel and perpendicular scattering with respect to the background field (mainly due to the turbulent magnetic fields). In most cases, we expect to find a diffusive motion of the charged particles. 2. The particles experience momentum diffusion or stochastic acceleration (due to the turbulent electric fields). and if the background field is uniform in the z-direction (B 0 D B 0 e z ), the particle trajectory is a perfect helix along which the particle moves at constant speed, while the perpendicular velocity components oscillate at angular frequency. This particle trajectory is called the unperturbed orbit. In reality, when there is turbulence, the particle experiences parallel and perpendicular scattering
These scattering effects are usually described by diffusion coefficients. The knowledge of these parameters is essential for the following: 
Cosmic Rays in the Solar System
Apart from being deflected by the magnetic fields in interstellar space, cosmic rays are also affected by the interplanetary magnetic fields due to the solar wind plasma, and have, therefore, difficulty in reaching the inner solar system. Spacecraft venturing out towards the boundary of the solar system have found that the intensity of galactic cosmic rays increases with the distance from the Sun. As solar activity varies over the 11-year solar cycle, the intensity of cosmic rays on Earth also varies, in anticorrelation with the sunspot number. The Sun is also a sporadic source of cosmic ray nuclei and electrons that are accelerated by shock waves traveling through the corona, and by the magnetic energy released in solar flares. During such events, the intensity of energetic particles in space can increase by a factor of 10 2 -10 6 from hours to days. Such solar particle events are much more frequent during the active phase of the solar cycle. The maximum energy reached in solar particle events is typically 10-100 MeV, occasionally reaching 1 GeV (roughly once a year) to 10 GeV (roughly once a decade). Solar energetic particles can be used to measure the elemental and isotopic composition of the Sun, thereby complementing spectroscopic studies of solar material.
A further component of cosmic rays, comprised only of those elements that are difficult to ionize, including He, N, O, Ne, and Ar, was given the name anomalous cosmic rays because of its unusual composition. Anomalous cosmic rays originate from electrically neutral interstellar particles that have entered the solar system unaffected by the magnetic field of the solar wind, been ionized, and then accelerated at the shock wave, formed when the solar wind slows as a result of plowing into the interstellar gas, presently thought to occur somewhere between 75 and 100 AU from the Sun.
In Fig. 1 .1, it is illustrated how an energetic cosmic ray particle moves through the heliosphere. The particle trajectory is approximately a helix along the mean field, which, in this case, is the magnetic field of the Sun. As a very crude approximation, one could neglect the turbulent fields due to the solar wind plasma (ıB i D 0, ıE i D 0). The resulting system, which is usually called the unperturbed system, is discussed in the next paragraph. In reality, however, the turbulent fields are not absent and give rise to a perturbed motion of the particle. With time, the particle trajectory deviates more and more from the unperturbed motion. After a characteristic time-scale, the particle begins to move diffusively parallel and perpendicular to the background magnetic field. Therefore, the propagation of charged particles can be described by a diffusion equation. The theoretical and observational determination of diffusion coefficients is, therefore, an essential part of cosmic ray physics. It is the purpose of this book to describe new possibilities to calculate diffusion coefficients nonlinearly and to compare them with test-particle simulations and observations. In this introductory chapter of this book, the physics of parallel and perpendicular spatial diffusion is discussed (see Sects. 1.4 and 1.5).
The Unperturbed System
The motion of charged particles in electromagnetic fields is described by the Newton-Lorentz equation
Here, the particle charge (q), the electric and magnetic fields (E; B), the particle velocity (v), the particle momentum (p), and the speed of light (c) are used. We choose our Cartesian system of coordinates so that the z-axis is aligned parallel to the mean field (background field) B 0 . Furthermore, we approximate the absolute value of the mean magnetic field B 0 by a constant field. Consequently, we have hBi D B 0 D B 0 e z : (1.2)
In the case of heliospheric particle propagation, the mean field can be identified by the magnetic field of the Sun. Because of the high conductivity of cosmic plasmas, there are no large-scale electric fields
and we thus have
with the turbulent electric and magnetic fields (ıE, ıB). In this book, only turbulence models without electric fields (ıE i D 0) are considered. The main reason for using the model of purely magnetic fluctuations is that the electric fields are much smaller than the magnetic fields (see Sect. 2.5). Therefore, electric fields are less important for spatial diffusion. In purely magnetic systems (ıE D 0), we have
and thus the kinetic energy of the particle is conserved. Hence, we have v D const, the equations of motion can be written as
where we used
and the parameter
For the unperturbed system (ıB i D 0), the equations of motion are
(1.9)
These equations can easily be solved by
( 1.10) where we used the velocity components parallel (v k ) and perpendicular (v ? ) to the background field B 0 . The parameterˆ0 denotes the initial gyrophase. For the particle trajectory, we therefore find
Obviously, we find a gyromotion (rotation) of the particle (see Fig. 1 .2). The center of the rotation in the x-y plane is
(1.12) and the radius (gyroradius) is
The parameter introduced in (1.8) can easily be identified with the gyrofrequency of the unperturbed particle. It is convenient to introduce the so-called pitch-angle P , which is the angle between the background field and the particle velocity vector. In the unperturbed system, the pitch-angle is constant and thus the pitch-angle cosine D cos. P / is conserved. Then the parallel and perpendicular velocity components can be written as
and the gyroradius is
where we used the Larmor radius R L D v= D const.
Particle Diffusion and the TGK Formulation
More challenging than the unperturbed system is to study particle propagation in a turbulence. In this case, the particles experience scattering parallel and perpendicular to the background magnetic field. In Sect. 1.4, we discuss in detail the physics of parallel diffusion, and in Sect. 1.5, the physics of perpendicular scattering. Here we present some general considerations. In the following, we use the variable x, which can be substituted by any component of the Cartesian coordinates.
Mean Square Displacements and Diffusion Coefficients
The mean square displacement is defined as
where we introduced the averaging operator h: : : i. By assuming
for the temporal behavior of the mean square displacement, we can characterize the particle motion by using different parameter regimes of :
Cases with > 2 are not known in cosmic rays transport theory and are, therefore, not discussed in this book. In most cases, particle transport in astrophysical turbulence behaves diffusively ( D 1). Only a few cases are known for which particle transport behaves sub-or superdiffusively. We define a diffusion coefficient Ä xx as Ä xx D lim t !1˝. In the case of diffusion (Ä xx .t ! 1/ ! Ä xx D const), both definitions are equal. In principle, (1.19) can also be used to calculate a diffusion coefficient, but often it is more convenient to apply the so-called TGK formulation, which is discussed in the following paragraph.
The TGK Formulation
The Taylor-Green-Kubo formulation (TGK formulation, e.g., Taylor 
